Background. The association between respiratory syncytial virus (RSV) loads and clinical outcomes in children remains to be defined. In most studies, viral loads (VL) were evaluated in hospitalized children and at a single time-point. We investigated the relationship between VLs and disease severity in both outpatients and inpatients with RSV infection.
Respiratory syncytial virus (RSV) is the number one cause of viral lower respiratory tract infection (LRTI) leading to hospitalization in infants worldwide, and the second cause of death in this age group [1, 2] . The burden of the disease, however, extends well beyond hospitalization, as it causes significant morbidity in the outpatient setting [3] . Despite RSV's impact on child health, treatment remains supportive and there is no licensed vaccine, which is due in part to our incomplete understanding of the pathogenesis of the disease and its relation to disease severity.
The variability in clinical presentations is likely the result of a complex interplay between viral factors and the host immune response [4] [5] [6] [7] [8] [9] . A number of studies with variable designs have examined the association between viral loads (VL) and disease severity, with conflicting results. While some authors found significant associations between RSV loads and clinical outcomes, others have not reproduced those findings [10] [11] [12] . Most of those studies, however, have been conducted in hospitalized infants, with RSV loads measured at a single time-point during the disease course, providing a snapshot of a dynamic process. A better understanding of the role of VL in children with mild RSV infection evaluated in the outpatient setting, and the interplay between viral dynamics and clinical disease severity would inform a targeted design for future intervention studies.
The aims of this study were (1) to define the differences in VLs between outpatients and hospitalized infants with RSV infection adjusted for age; and (2) to define the relationship between viral load dynamics and clinical disease severity in hospitalized infants with moderate (ward) and severe disease (pediatric intensive care unit [PICU] ).
METHODS

Study Design
Healthy children <2 years of age hospitalized or evaluated in the outpatient setting for RSV infection were prospectively enrolled as a convenience sample at Nationwide Children's Hospital (NCH; Columbus, Ohio) from 2015 to 2017. Exclusion criteria included duration of illness >7 days, prematurity (<36 weeks' gestation), underlying medical conditions (ie, congenital heart disease, chronic lung disease, congenital or acquired immunodeficiency), use of immunomodulatory drugs (including systemic steroids >5 days within 2 weeks of presentation), previous history of wheezing or hospitalization for RSV bronchiolitis, and RSV hospitalization for apnea or social reasons. Inpatients were enrolled and samples obtained within a median of 16 hours (interquartile range [IQR], 9-23 hours) of hospitalization. Outpatients were enrolled at the emergency department, urgent care, and associated primary care clinics. Hospitalization was defined as a hospital admission for >24 hours. Viral diagnosis was established by rapid antigen testing (Sofia RSV Fluorescent Immunoassay; Quidel) or a multiplex polymerase chain reaction (PCR) panel (FilmArray Respiratory Viral Panel; BioFire) [13] .
We collected in all study patients at enrollment: (1) demographic and clinical information including a standardized Clinical Disease Severity Score (CDSS) [14] ; and (2) a midturbinate swab for RSV typing and quantitation by real-time PCR. In addition, hospitalized patients underwent daily sampling for RSV loads and disease severity evaluation using the CDSS, until discharge or for up to 7 days, whichever was first. Other parameters of disease severity were also collected in inpatients, including oxygen administration, PICU admission, need and duration of noninvasive and invasive positive pressure ventilation, and duration of hospitalization. The CDSS comprised 5 parameters, each ranking from 0 to 3, and included respiratory rate, auscultation, transcutaneous oxygen saturation, retractions, and level of activity (mainly assessed by feeding difficulty). The total score ranked from 0 (normal) to 15 (most abnormal) (Supplementary Table 1 ) [6, 7, 14] . Demographic and clinical information, including follow-up telephone calls at 2 and 4 weeks after discharge, were collected using standardized questionnaires designed for portable tablets, and information was automatically transferred to a secure database (REDCap) [15] .
Initial analyses were performed with samples and clinical data obtained at enrollment from both outpatients and inpatients. Longitudinal analyses included sequential data from inpatients according to the admission unit (ward or PICU).
RSV Loads
Nasal midturbinate swabs were collected, transported in ice to the laboratory in viral transport media, centrifuged, and stored at -80°C [7, 14, 16] . In brief, RSV loads were measured by reverse-transcription (RT) quantitative PCR using known concentrations of RSV-A2 and RSV-B to derive a standard curve. Standards and negative controls were included and tested with each PCR assay. One-step RT-PCR (Qiagen QuantiTect) targeting the conserved region of the F gene was performed using described primers and probes [17, 18] . RSV quantification is reported as log 10 copies/mL. All samples were also tested for other respiratory viruses by the FilmArray PCR panel [13] .
Statistical Analysis
Continuous variables are presented as median (IQR) or mean ± standard deviation according to data distribution and compared using Mann-Whitney or t test, respectively.
Categorical variables are presented as frequencies and compared using χ 2 test. Mixed-effects linear regression models were built to assess the rate of VL and CDSS change over time, adjusted for duration of symptoms before enrollment. Two preplanned interaction effect models were constructed to determine whether the rate of change in VL differed by hospital unit or by duration of symptoms before enrollment. Sensitivity analyses were performed ad hoc to assess the potential effect of systemic steroids on VL decay and the CDSS. Raw data were used to calculate VL and CDSS area under the curve (AUC) using the midpoint rule, and group differences in AUC were assessed using 2-sample t tests, with a Satterthwaite correction for unequal group variance. Last, to determine which factors were predictive of worse clinical outcomes, we used multivariable logistic regression with Firth penalized likelihood when warranted to avoid small sample size bias. Analyses were conducted using SAS version 9.4 (SAS Institute) and GraphPad Prism version 6 (GraphPad Software), with a 2-sided P value < .05 considered statistically significant.
Ethical Considerations
This study was approved by the Institutional Review Board (IRB) at Nationwide Children's Hospital (IRB number 14- 
RESULTS
Characteristics of Study Patients
From February 2015 to March 2017, we enrolled 150 children <2 years of age with RSV infection. Of those, 39 (26%) were diagnosed with mild disease and managed as outpatients, while 111 required hospitalization for moderate/severe RSV LRTI.
Median age of outpatients was 6.1 months vs 2.2 months for inpatients, and 93% (140/150) were <12 months of age. Except for a greater proportion of black infants and a more frequent history of atopy in the outpatient cohort, no other differences in demographic information were observed between groups including history of breastfeeding, day care attendance, or secondhand smoke exposure (Table 1) . CDSSs were higher in hospitalized children, and median duration of symptoms at enrollment was 4 days and comparable between cohorts. Families were contacted 2 and 4 weeks after enrollment and confirmed the lack of subsequent readmissions (inpatient group) or hospitalization (outpatient cohort).
Viral Load Comparisons Between Inpatients and Outpatients
First, we conducted cross-sectional analyses and compared VL at enrollment between inpatients (moderate/severe disease), who were younger, and outpatients (mild disease). RSV loads were higher in outpatients vs inpatients (7.23 ± 1.2 vs 6.48 ± 1.3 log 10 copies/mL, respectively; P = .003; Figure 1A ), with no associations between VL and age (r = 0.04; P = .61). Overall, RSV-A was more frequently detected than RSV-B. Other respiratory viruses were identified in approximately 30% of infants, and at similar rates in outpatients and inpatients (Table 1 ).
To account for the possible influence of age on VL, we performed sensitivity analyses and selected approximately 2 agematched inpatients (n = 66; median, 4.4 [IQR, 2.4-9.0] months) for each outpatient (n = 39; median, 6.1 [IQR, 3.7-8.6] months; Supplementary Table 2 ). These analyses confirmed that independent of age, RSV loads were almost 1 log higher in outpatients vs inpatients ( Figure 1B ). VLs were not associated with the CDSS in the inpatient cohort ( Figure 1C ), but correlated inversely with the CDSS in outpatients (r = -0.56; P = .0002; Figure 1D ), and in the age-matched cohort of inpatients and outpatients (r = -0.4; P < .001).
Sequential Viral Loads and Clinical Dynamics in Hospitalized Children
Next, we explored differences in RSV loads and clinical parameters in the inpatient cohort separately. Of the 111 inpatients, 32 (29%) were severely ill requiring PICU care, while 79 (71%) were hospitalized in the ward with moderate disease. No differences in age (2.1 vs 2.3 months) or other demographic factors were identified between ward and PICU infants ( Table 2) . Chest radiographs were performed per standard of care in all PICU patients and in 58% of ward infants, with no differences in radiologic findings between groups. As expected, PICU infants had worse disease severity in all parameters evaluated including the CDSS, need and duration of supplemental oxygen, and total duration of hospitalization (1.9 vs 4 days for ward and PICU, respectively; P < .001). RSV types and initial RSV loads were similar in ward and PICU patients, who also had comparable duration of illness at enrollment.
In hospitalized infants, VLs and the CDSS were measured daily during the hospitalization. First, the dynamics of these 2 variables were analyzed in parallel according to the admission unit (ward or PICU) and indexed to symptoms duration ( Figure 2 ). In both ward and PICU infants, peak VLs were documented at the beginning of the illness (≤2 days of symptoms), whereas the peak of disease severity (worst CDSS) occurred on day 3 of symptoms. Data for the initial time point were limited as the number of patients with ≤2 days of symptoms at enrollment was small.
Next, to assess the change in VL over time according to day of hospitalization, as an objective reference value, we used linear mixed-effects models adjusted for duration of symptoms. We found a significant decline on VL of approximately 0.79 logs per day (P < .001) when including all hospitalized infants; this observation did not change significantly when the model was adjusted for duration of symptoms. Both unadjusted and adjusted models showed significantly lower VL on days 2-4 compared to day 1 (6.7 to 4.6 vs log 10 copies/mL; Supplementary Table 3) . When comparing viral dynamics according to the admission unit, we found that, compared to day 1 of hospitalization (baseline), VL significantly decreased by day 2 among ward patients and by day 3 in PICU infants, with no significant differences in the rate of change between units (P = .28; Figure 3A ; Supplementary Table 4 ). The CDSS decreased approximately 1.4 units per day from baseline (P < .0001) when all inpatients were analyzed together. Similar to VL dynamics, the CDSS was significantly lower than baseline by day 2 of hospitalization in ward patients, and by day 3 in PICU infants ( Figure 3B ; Supplementary Table 4) .
Impact of Systemic Steroids on Viral Load and Clinical Dynamics
Eight infants (PICU, n = 3 [9%]; ward, n = 5 [6%]) had received systemic steroids for ≤5 days at enrollment (Table 1) . During hospitalization, 13 (41%) PICU and 3 (4%) ward patients were treated with steroids. To exclude the confounding impact of steroids on VL [19] and clinical dynamics, sensitivity analyses were conducted ad hoc in infants not treated with steroids during hospitalization (ward, n = 76; PICU, n = 19). In these children, rates of VL decline adjusted for symptoms duration, were comparable between ward (-0.83 ± 0.16 logs per day) and PICU infants (-0.80 ± 0.36; P = .75; Figure 3C ), as well as CDSS decline rates (-1.36 ± 0.21 vs -1.89 ± 0.52 units per day for ward and PICU; P = .22; Figure 3D ). Similar to the whole cohort ( Figure 3A and 3B), a significant decline in VL and CDSS was observed 1 day earlier in ward (day 2) vs PICU (day 3). In addition, among this cohort of 95 infants not treated with steroids, VLs were lower in those admitted to the PICU vs the ward across all time-points evaluated (P < .001; Figure 3C ). To further analyze the effect of steroids exclusively in PICU infants, we compared VL and CDSS dynamics in infants treated (n = 13) and not treated (n = 19) with steroids during hospitalization. PICU infants treated with steroids had higher CDSS at enrollment, received mechanical ventilation more frequently, and had a longer duration of hospitalization compared with those who did not (Supplementary Table 5 ). VLs at enrollment were 6.8 ± 1.5 vs 5.9 ± 1.5 log 10 copies/mL in the steroid and nonsteroid group, respectively (P = .08). The overall rate of VL decline did not differ according to steroid use (P = .41). However, VLs in the nonsteroid group were significantly lower than baseline by day 3 (rate of change, -0.80 logs per day), whereas among those treated with steroids, VL did not decline significantly from baseline until day 4 (rate of change, -0.54 logs per day; Figure 3E ; Supplementary Table 6 ). Similar findings were observed with the CDDS; infants not treated with steroids had a significant decline from baseline earlier (day 3) than infants treated with steroids (day 4; Figure 3F ; Supplementary Table 6). A, Nasopharyngeal swabs were obtained at enrollment, and RSV loads quantitated by polymerase chain reaction were compared between children requiring hospitalization (n = 111, blue dots) and those evaluated in the outpatient setting (n = 39; orange dots). B, Comparative analyses in RSV loads between inpatients and outpatients were adjusted for age, and 2 inpatients were matched for each outpatient. Graphs represent mean ± standard deviation and comparisons were made using Student t test (P < .05 considered significant). C, Correlations between the Clinical Disease Severity Score (CDSS) and RSV loads at enrollment in the age-matched inpatient cohort (n = 66). D, Correlation between CDSS and RSV loads at enrollment in outpatients. Each dot represents an individual patient. Abbreviations: CDSS, Clinical Disease Severity Score; RSV, respiratory syncytial virus.
Area Under the Curve Analyses
To quantify both the overall viral exposure and clinical disease severity, we calculated the AUC for VL and CDSS using raw sequential data. To limit the influence of patients with longer duration of hospitalization on AUC analyses, AUCs were calculated among 44 patients who had complete VL and CDSS data for the first 3 days of hospitalization (PICU = 19; ward = 25). Comparative analyses were also performed exclusively in PICU patients according to steroid treatment (steroids, n = 7; no steroids, n = 12), since only 3 of the 25 infants in the Number of observations at each time point ) represent a significant decline (P < .05) for that specific day compared with day 1 of hospitalization (baseline). Rate of decline, exact values, and interactions are specified in Supplementary Table 4 . C and D, VL and CDSS decline over time according to day of hospitalization and adjusted for days of symptoms among hospitalized patients in the ward or PICU not treated with steroids during admission. E and F, VL and CDSS decline over time according to day of hospitalization and adjusted for days of symptoms and steroid use only in patients admitted to the PICU. Details of the exact numbers and P values for each time point are specified in Supplementary Table 6 . Abbreviations: CDSS, Clinical Disease Severity Score; CI, confidence interval; LS, length of stay; PICU, pediatric intensive care unit; RSV, respiratory syncytial virus.
ward had received steroids. Rates of VL and CDSS decline in these 44 patients were almost identical to those reported in the complete cohort (Supplementary Table 7 ). Viral load AUCs were similar in infants hospitalized in the ward and PICU. However, when PICU patients were stratified according to steroid treatment, those in the steroid group had higher VL AUC (P = .01; Figure 4A ). As expected, CDSS AUCs were higher in PICU vs ward patients (P = .004), especially in children treated with steroids (P < .001; Figure 4B ). We did not find significant associations between VL AUC and CDSS AUC or duration of hospitalization when including all 44 children (ward and PICU) or those hospitalized in the ward, irrespective of steroids treatment (data not shown). However, VL AUC in all PICU infants was significantly correlated with the CDSS AUC and duration of hospitalization ( Figure 4C and 4D ). These associations were lost when children treated with steroids were excluded from analyses.
Multivariate Analysis
To further define the influence of VL and clinical parameters on outcomes of care in hospitalized infants, different multivariable models were constructed. The following covariates were selected based on significance in bivariate analyses or clinical grounds: age, steroid treatment, CDSS, and initial VL. We selected as clinical outcomes: supplemental oxygen administration, prolonged hospitalization (defined as >3 days, based on median length of stay), positive pressure ventilation, and PICU admission. While higher VLs were associated with lower need for supplemental oxygen, this was not the case for other outcomes. Higher CDSS was independently associated with all 4 clinical outcomes (Table 3) .
DISCUSSION
In this prospective, single-center study, we showed that children with mild RSV infection evaluated in the outpatient setting had significantly higher VL than hospitalized patients. This was a consistent finding even after analyses were adjusted for age. Within the inpatient cohort, initial VLs were comparable between infants with moderate (ward) and severe (PICU) disease. However, when sequential data were analyzed, and adjusted for steroid use, higher VLs were also present in ward vs PICU infants at all time-points evaluated, and independently associated with lower supplemental oxygen needs. On the other hand, VL decay in PICU infants was delayed, especially in children treated with steroids, who also had evidence of worse disease at enrollment. Overall, these data suggest that both higher initial VL and faster and consistent viral clearance are associated with a less-severe clinical course in young children with RSV infection.
The mechanisms and directionality of the interaction between RSV loads and the host immune response are not well understood. In the outpatient population, there is limited information on the influence of RSV loads on disease severity, and the data derived from hospitalized children with severe disease are conflicting. It is possible that during severe disease some components of the inflammatory cascade elicit a more vigorous response, which could favor viral clearance and at the same time contribute to a more severe clinical disease phenotype. On the other hand, it could also be possible that higher RSV loads promote an early robust innate immune response that can protect from disease progression. Supporting the latter, and in agreement with our findings, a recent study conducted in older infants with RSV infection showed that those with milder disease not requiring hospitalization had higher RSV loads, and that VL was significantly correlated with mucosal concentrations of proinflammatory cytokines [5, 20] .
Cross-sectional, large studies conducted in different settings and mostly among hospitalized patients have examined the association between VL and disease severity. While some of these studies found significant associations between VL and longer duration of hospitalization and PICU care [10, 11, [21] [22] [23] , others did not [12, 24, 25] . These discrepancies could reflect differences in study design (ie, days of symptoms at sample collection), patients included (age, and presence of underlying comorbidities), different methods of sample collection, or the variability in the laboratory assays used for RSV quantification (plaque assay vs PCR), emphasizing the need to standardize these methods.
Information in regard to the dynamics of VL in infants with RSV infection is also limited, possibly due to the difficulty of performing daily sampling in these young children [10, 26, 27] . Two different studies of different sample sizes evaluated VL in children with RSV LRTI during the first 3 days of hospitalization or every other day during the first week of hospital stay. Those studies found that VL on day 3 of admission was associated with worse disease severity as defined by a clinical score [26] , PICU admission, or respiratory failure [10] , which differs from our findings. In those 2 studies, however, the duration of hospitalization was longer, from 6 to 7 days (compared with 2.3 days in our study), steroid use during hospitalization was not mentioned, and analyses were not adjusted for duration of symptoms, suggesting that the study population and inpatient management strategies differ between institutions. A recent study evaluated sequential VL and cytokine concentrations and mucosal gene expression profiling in 30 infants hospitalized with RSV LRTI. The study showed that intubated infants had lower VL and reduced interferon and CCL5/RANTES concentrations than children with moderate disease [27] . Although the study was small, not adjusted for steroid use, and included children with comorbidities, our findings agree with those of this latter study. Indeed, we found that higher RSV loads at enrollment were associated with a less-severe clinical course in both outpatients and inpatients, after adjusting for steroid use.
While the peak of VL (day 1) preceded the CDSS peak, which occurred on day 3 of symptom onset, the rate of RSV clearance in PICU patients was stagnant during the first 3 days, especially in infants treated with steroids. The limited data available in regard to the effect of systemic steroids on VL decay are derived from 2 small randomized, double-blind, placebo-controlled trials in children mechanically ventilated for RSV LRTI. While the first study (n = 22) did not show differences in viral decay according to steroid treatment [28] , in the second study (n = 41), children treated with dexamethasone had a significantly slower decay in VL during the first 48 hours [19] . Our findings agree with the latter study, and although we measured viral loads by PCR, and not plaque assay, and in the upper respiratory tract, we also observed a slower viral decay during the first 72 hours of hospitalization in PICU infants treated with steroids.
Taken together, these data emphasize the complex interplay between VL dynamics and disease severity, and the possible influence of a variety of factors, which may help explain the varying results derived from different studies, where the proportion of mild and very severely ill patients varied, and daily sequential data were not evaluated. Moreover, steroid use is not mentioned in the majority of studies that have analyzed RSV load dynamics. Although with the current study design it not possible to determine whether steroids are responsible for the slower viral decay, indicative of sicker children, or a combination of both, our study suggests that this is an important cofounding factor [5, 6, 27] that may have contributed to the differences observed. For these models, we used RSV loads and the CDSS at enrollment. LOS was dichotomized as ≤3 vs >3 based on median LOS values. Oxygen need was defined as at least 12 hours of oxygen administration. Values in bold indicate significant 2-sided P values.
Abbreviations: CDSS, Clinical Disease Severity Score; CI, confidence interval; LOS, length of stay; PPV, positive pressure ventilation; OR: odds ratio; RSV, respiratory syncytial virus.
a PPV included noninvasive (high-flow nasal cannula), invasive ventilation (continuous positive airway pressure/synchronized inspiratory positive airway pressure), and endotracheal intubation.
Our study has limitations. We did not perform sequential sampling in outpatients with milder RSV infection and thus the description of this cohort provides a snapshot of a continuous event. Nevertheless, these patients were contacted after enrollment, and none of them required hospitalization, confirming that their classification was appropriate. Another limitation is the small number of children enrolled with <3 days of symptoms. This is an intrinsic limitation of this disease and the current standard of care for children with mild respiratory infections. As mentioned before, there were significant age differences between outpatients and hospitalized infants. However, sensitivity analyses with age-matched inpatients and outpatients were conducted, confirming the results, and age was included as a key covariate in all multivariable models.
In conclusion, the peak of VL preceded the peak of clinical disease severity and was inversely related to clinical outcomes. While higher VL was associated with a milder clinical disease severity phenotype, a subset of patients with markedly severe disease and treated with steroids had a larger overall viral exposure and worst clinical outcomes. These are important observations that may help elucidate the optimal therapeutic window and target populations for future interventions for RSV LRTI.
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